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DEVELOPMENT OF CARDIOVASCULAR disease (CVD) is caused by several environmental, genetic, and lifestyle factors (27) . Atherosclerosis is a primary cause of CVD and is due to altered homeostatic processes that regulate lipid metabolism and inflammation (48) . Initiating mechanisms that contribute to the development of atherosclerosis include endothelial dysfunction, hypertension, hyperlipidemia, and inflammation (48) . These factors are typically interrelated. The resulting pathology leads to the release of inflammatory cytokines and chemokines that recruit immune cells to the site of injury, leading to the overproduction of reactive oxygen species (ROS) that chemically modify entrapped low-density lipoproteins (LDL) yielding toxic oxidized LDL (oxLDL). Danger-associated molecular patterns revealed on oxLDL are recognized by scavenger receptors on intimal macrophages in the vessel wall, enabling phagocytosis of these cholesterol-enriched particles and development of macrophage foam cells (36) . Thus an imbalance in ROS biosynthesis and detoxication by vascular wall cells, including the immune cells that are recruited there, results in significant oxidative stress. This is an important contributing factor in disease etiology.
ROS, such as superoxide and hydrogen peroxide (H 2 O 2 ), are produced in most cell types within the vessel wall in response to external stimuli, including oxLDL, lipid mediators, shear stress, and angiotensin II. These stimuli can activate several ROS-generating enzymes, including NADPH oxidase (Nox), cyclooxygenase, lipoxygenase, xanthine oxidase, (uncoupled) nitric oxide synthase, and myeloperoxidase, resulting in significant oxidative stress (8, 14, 48) . The elevated ROS also leads to a buildup of oxLDL levels in the vessel wall and the subsequent influx of monocytes and neutrophils from the bloodstream, resulting in an inflammatory feedback loop. The increased flux of oxyradicals and peroxidation of extracellular LDL are hallmarks of atherosclerosis.
OxLDL can stimulate CD36 scavenger receptor-evoked signal transduction pathways in macrophages and platelets, leading to the activation of Nox and the synthesis of superoxide (31, 35, 43, 46) . Nox is a multisubunit holoenzyme formed at lipid membranes that catalyzes the transfer of electrons from NADPH to molecular oxygen (23) . This results in the production of superoxide anion, which has a limited diffusion radius in the cell but can cross lipid membranes via anion channels. Superoxide also rapidly dismutates to H 2 O 2 , which has a more tempered reactivity and larger diffusion radius compared with that of superoxide. Because H 2 O 2 is not charged, it is also capable of moving through lipid membranes via passive diffusion. Overactive Nox activity is countered by several compensatory mechanisms, including the detoxification of excess superoxide by superoxide dismutase (48) , the activation of endoplasmic reticulum stress-induced apoptotic pathways (13) , and, possibly, by the endocannabinoid (eCB) system (41) .
The eCB system is composed of several components. These include two G protein-coupled receptors, CB 1 and CB 2 , which are mainly expressed in the central nervous system and hematopoietic system, respectively. The CB receptors are activated by endogenous arachidonoyl-containing ligands, the best studied being 2-arachidonoylglycerol (2-AG) and anandamide (AEA). Diacylglycerol lipase (DAGL)-␣ and -␤ are the ratelimiting enzymes responsible for the biosynthesis of 2-AG in the brain and macrophages, respectively (18) , while monoacylglycerol lipase (MAGL) is the primary enzyme that degrades 2-AG (7) . Other candidate enzymes that hydrolyze or oxidize 2-AG have also been identified, contributing to 2-AG catabolism (50) .
The CB 1 receptor has important roles in neurotransmission in the central nervous system, whereas the CB 2 receptor promotes immunomodulatory functions in peripheral immune responses. During cell/tissue injury, rapid increases in eCB levels and their cognate receptors are observed, which might modulate critical context-dependent functions (41) . For example, CB 2 activation attenuates the following immune and biochemical processes in macrophages: inflammatory cell migration, endotoxin-induced oxidative stress, Nox activity, p38-MAPK activation, and TNF-␣ production (16, 17, 42, 46) . Furthermore, increased biosynthesis of 2-AG and eCB-evoked CB 2 receptor-dependent signal transduction pathways are associated with the amelioration of atherosclerotic lesions in a mouse model (60) . Cultured macrophages exposed to oxLDL also produce greater amounts of 2-AG and AEA compared with untreated macrophages (21) . Thus it seems clear that the eCB system plays an important role in immune cell function. However, a gap in knowledge exists regarding the specific signaling pathways that are evoked by oxLDL binding to scavenger receptors and the resulting increases in eCB levels.
Because it is already known that exposure to oxLDL results in increased ROS production by macrophages, the purpose of this study was to explore whether (and how) the eCB system becomes activated in macrophages in response to acutely elevated superoxide levels (and heightened Nox activity). Specifically, the levels of 2-AG and AEA were determined following treatments of cultured macrophage cell lines and primary murine macrophages with an extracellular superoxide generating system (xanthine oxidase) or with Nox stimulators [phorbol 12-myristate 13-acetate (PMA) and arachidonic acid (AA)]. Although PMA is a nonphysiological research tool, esterified AA is found in high concentrations in LDL particles, and nonesterified (free) AA can be released by lipases during enzymatic modifications of LDL (34) . Thus AA has an important physiological role in inflammation and foam cell development (9, 25) . A large body of evidence also suggests that activation of the CB 2 receptor renders cardioprotective effects (16, 17, 42, 46) . Therefore, localized increased 2-AG levels may be part of a compensatory/adaptive mechanism to activate anti-inflammatory and anti-oxidative pathways within vascular cells. We addressed this issue by inducing oxidative stress in cells by using a redox cycling agent [menadione (MD)] or by activating Nox activity in the absence or presence of the nonselective cannabinoid receptor agonist (WIN 55,212-2). Our results indicate that oxyradical stress increased the biosynthesis rate of 2-AG in human and mouse macrophage cell lines, cell lines engineered to overexpress either DAGL-␤ or Nox2, and in primary murine macrophages. It is suggested that the increased 2-AG biosynthesis is part of an adaptive response of cells to attenuate oxidative stress.
MATERIALS AND METHODS

Chemicals and Reagents
Authentic 2-AG, 2-AG-d8, AA, 1-stearoyl-2-arachidonoylglycerol (SAG), WIN 55,212-2, AM630, and rimonabant were from Cayman Chemicals (Ann Arbor, MI). O,O=-diethyl p-nitrophenyl phosphate (paraoxon, PO) was a kind gift from Dr. Howard Chambers (Mississippi State University). Avidin-horseradish peroxidase, dimethyl sulfoxide (DMSO), lactate dehydrogenase (LDH), xanthine and xanthine oxidase, trypan blue solution (0.4% wt/vol), ␤-mercaptoethanol, PMA, fatty-acid free bovine serum albumin, penicillin, streptomycin, gentamicin, MD, hydroethidine (HE), ionomycin, apocynin, U-73122, orlistat (tetrahydrolipstatin), and all buffer components were purchased from Sigma (St. Louis, MO). VAS-2870 (VAS), a selective Nox inhibitor, was purchased from Enzo Life Sciences (Farmingdale, NY). Opti-MEM medium, bicinchoninic acid (BCA) reagent, and HPLC grade solvents were purchased from Thermo-Fisher. FuGene 6 Transfection Reagent was purchased from Promega Chemicals (Madison, WI). Plasmid Midi Kits were purchased from QIAGEN. Human DAGL-␤ plasmid was purchased from Origene (Bethesda, MD). Anti-human DAGL-␤ (ab103100) antibody was from Abcam (Cambridge, MA). Goat anti-rabbit IgG and goat anti-mouse IgG antibodies were from Cayman Chemicals. Acetylated LDL (acLDL) and oxLDL were from Intracel (Bethesda, MD).
Cells and Culture Conditions
Human THP-1 monocytes, murine J774A.1 macrophages, human HL-60 cells, COS7 cells, RPMI-1640 medium with and without phenol red (containing 2 mM L-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 4500 mg/l glucose, and 1,500 mg/l sodium bicarbonate), Dulbecco's modified Eagle's medium (DMEM) with and without phenol red (containing 4 mM L-glutamine, 4,500 mg/l glucose, 1 mM sodium pyruvate, and 1,500 mg/l sodium bicarbonate), Opti-MEM medium, and gentamicin sulfate solution (50 mg/ml) were purchased from the American Type Culture Collection (Manassas, VA). Phox-COS7 cells that overexpress Nox2 and its regulatory subunits (45) were kindly provided by Dr. Mary Dinauer (Washington University, St. Louis, MO). Fetal bovine serum (FBS) and One-Shot TOP10 chemically competent E. coli were purchased from Invitrogen (Grand Island, NY).
THP-1 monocytes were passaged in RPMI-1640 containing 10% vol/vol FBS and 50 g/ml gentamicin (complete medium) (62); J774A.1 macrophages and COS7 cells were passaged in DMEM medium containing 10% vol/vol FBS and 10 U/ml penicillin and 10 g/ml streptomycin (complete medium) (62); HL-60 cells were passaged in RPMI-1640 containing 10% vol/vol FBS and penicillin and streptomycin. All cells were cultured at 37°C in an atmosphere of 95% air/5% CO 2. THP-1 cells and HL-60 cells were differentiated into macrophage-like cells by adding PMA to the culture medium (final concentration 100 nM), and the cells were cultured for 72 h.
Resident peritoneal macrophages (RPMs) were isolated from 10-to 12-wk-old female C57BL/6 mice in cold PBS containing 3% vol/vol FBS. Following centrifugation, cells were washed with PBS, counted, and plated in individual 60-mm dishes at a density of 5 ϫ 10 6 cells per dish in complete DMEM medium. After overnight incubation at 37°C in 5% CO2, the culture medium was removed, and the adherent cells were washed twice with PBS before experimental manipulations. Animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 8th edition, 2011). All experimental procedures were approved in advance by the Institutional Animal Care and Use Committee of Mississippi State University (protocol no. 15-090).
Stable Expression of Human DAGL-␤ in COS7 Cells
A human DAGL-␤ expression plasmid was transformed into One-Shot Top10 chemically competent E. coli, and the cloned plasmid was purified using QIAGEN Plasmid Midi Kit following the manufacturer's instructions. COS7 cells were transfected with either human DAGL-␤ cDNA or empty plasmid (control) using the FuGene 6 Transfection Reagent in Opti-MEM medium, and the transfected cells incubated overnight. The transfection medium was removed and replaced with fresh (complete) DMEM medium. After an additional 48-h incubation, the medium was replaced again with (complete) DMEM medium supplemented with G418 (500 g/ml), and the cells were maintained in this medium for 3 wk. The culture medium was replaced every 3 days with fresh medium containing G418 to select for positive clones. After 3 wk, total RNA was isolated from the DAGL-␤-transfected and mock-transfected cells, and the level of DAGL-␤ mRNA was determined by quantitative real-time PCR. In addition, the transformed cells were washed with PBS and harvested in 50 mM Tris·HCl (pH 7.4) buffer and sonicated with three short bursts on ice. The SAG hydrolysis activity of the cell lysates was determined (see below), and human DAGL-␤ protein was detected by immunoblot.
Preparation of Cell Lysates
THP-1 monocytes were collected by centrifugation (1,000 g for 5 min), washed with cold phosphate-buffered saline (PBS), resuspended in ice-cold 50 mM Tris·HCl (pH 7.4) buffer, and lysed by sonication (three 15-s bursts on ice at 30% maximum power). THP-1 and J774A.1 macrophages (ϳ80 -90% confluent) were washed with cold PBS, scraped into ice-cold 50 mM Tris·HCl (pH 7.4) buffer, and sonicated. COS7 cells transfected with DAGL-␤ and control COS7 cells were harvested with Accutase (2 ml, 5 min). Fresh DMEM containing 10% vol/vol FBS was added to stop the Accutase reaction, and the detached cells were pelleted at 1,000 g (5 min), washed three times with sterile PBS, resuspended in ice-cold 50 mM Tris·HCl (pH 7.4) buffer and sonicated. Protein concentrations of the cell lysates were determined using the BCA reagent, according to the manufacturer's instructions (Thermo-Fisher). Cell lysates were used fresh or flash frozen in liquid nitrogen and stored at Ϫ80°C before use.
Quantitative Real-Time PCR Analysis and Western Blot
Total RNA was isolated from HL-60 cells that had been treated with PMA, all-trans retinoic acid, or oxLDL using the Rneasy Plus Mini Kit (Qiagen) according to the manufacturer's protocol. Recovered RNA was quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA) and cDNA was synthesized with an iScript Select cDNA Synthesis Kit (BioRad) using oligo(dT) primers, according to the manufacturer's protocol. Realtime PCR of cDNA products was performed on a Stratagene Mx3005P thermal cycler with Quantifast SYBR Green PCR master mix (Qiagen) using primers specific for DAGL␤, p47phox (NCF1), Nox2 (CYBB), and GAPDH. Differential expression of target genes was assessed by the ⌬⌬Ct method using GAPDH as the reference gene.
Total proteins were isolated from vehicle and AA-treated cells, and phopho-p47phox and total p47phox protein levels were detected by the approach described in Ref. 33.
2-AG Biosynthesis by THP-1 Macrophages
THP-1 macrophage lysates (0.5 mg/ml protein concentration) were treated with CaCl 2 (10 M final concentration) in 200 l of 50 mM Tris·HCl (pH 7.4) in the absence or presence of 1 mM ethylene glycol tetraacetic acid (EGTA), 10 M U-73122, or 10 M orlistat. Incubations went for 5 min at 37°C with shaking (550 rpm). The reactions were quenched by the addition of 300 l of ethyl acetate (containing 0.1% acetic acid) doped with 2-AG-d 8 (internal standard). After centrifugation of samples (1,500 g, 5 min, 4°C), the organic layer was collected in a clean tube and dried under N2. Residues were reconstituted in 100 l methanol-water (1:1 vol/vol), and the levels of 2-AG were quantified by liquid chromatography tandem mass spectrometry (LC-MS/MS).
SAG Hydrolysis Assay
Cell lysate protein was diluted to 0.3 mg/ml lysate in DAGL buffer (5 mM CaCl 2, 100 mM NaCl, 50 mM HEPES buffer, pH 7.4) (final volume 70 l). SAG (20 M final concentration) was added, and the reaction duration was 30 min (37°C). Reactions were stopped by adding ethyl acetate (containing 0.1% acetic acid) doped with 2-AGd 8. After drying the organic extracts, the residues were reconstituted in methanol-water (1:1 vol/vol) for LC-MS/MS analysis.
2-AG Biosynthesis by Human DAGL-␤-Transfected COS7 Cells
To determine the amount of 2-AG produced by DAGL-␤-transfected COS7 cells compared with parental COS7 cells, the two types of cells were seeded in two six-well plates and cultured until they reached 80% confluency. The cells were then incubated with ionomycin (3 M, 30 min) in serum-free medium. The culture medium was collected and extracted with ethyl acetate doped with 2-AG-d 8, and the organic extract was dried under nitrogen and reconstituted in methanol-water (1:1 vol/vol) for LC-MS/MS analysis. In a separate experiment, cells were pretreated with 10 M orlistat (DAGL-␤ inhibitor) for 30 min, followed by treatment with 3 M ionomycin for an additional 30 min. The culture medium was extracted to quantify 2-AG levels, and cell lysates used for the SAG hydrolysis assay.
To determine the role of Nox in the DAGL-␤-transfected COS7 cells, the cells were pretreated with a Nox inhibitor (10 M VAS, 30 min) followed by an additional 30 min incubation with 10 M AA to stimulate Nox activity (33) . The culture medium was collected and extracted to quantify 2-AG levels, whereas cell lysates were used for the SAG hydrolysis assay.
Treatment of Macrophages with Either Extracellular Superoxide or Nox Stimulants
LDH cytotoxicity assay. THP-1 monocytes (2 ϫ 10 5 cells/well) were differentiated into macrophages (PMA, 100 nM, 72 h) in a 96-well plate. The macrophages were treated with increasing concentrations of xanthine (0 -250 M) and a fixed amount of xanthine oxidase (0.1 mU/ml) in 200 l of PBS for 15 min at 37°C in an atmosphere of 95% air/5% CO 2. Cells were monitored for overt cytotoxicity by mixing 100 l of the culture supernatant with two volumes of LDH reagent solution, followed by incubation at 37°C for 30 min to determine LDH activity (at 490 nm). Alternatively, cell lysates were prepared in 50 mM Tris·HCl (pH 7.4) buffer, and the intracellular LDH activity was determined (at 690 nm).
Quantitation of ROS in macrophages. J774A.1 macrophages, THP-1 macrophages, or mouse RPMs in phenol red-free and serumfree culture medium (1 ϫ 10 5 cells/well in a black-walled clear bottom 96-well plate) were treated with either PMA (0.32 M) or DMSO for 30 min, followed by addition of the oxyradical probe HE (20 M final concentration). The fluorescence signal was monitored for up to 90 min in a Molecular Devices SpectraMax M5 plate reader (excitation: 485 nm; emmission: 595 nm). Fluorescence data were normalized against cell protein content to control for variations in cell number in each well.
Nox activity of macrophage cell lysates was determined by incubating lysate protein (0.3-0.5 mg/ml) with lucigenin (5 M final concentration) and NADPH (100 M final concentration) in 50 mM Tris·HCl (pH 7.4) buffer containing 1 mM EGTA. The resulting luminescence was monitored for 15 min in a Molecular Devices SpectraMax M5 plate reader. Generation of superoxide by a xanthine oxidase system was also determined using the lucigenin probe.
The superoxide-specific product 2-hydroxyethidium (2-OH-Et ϩ ) (65) in cells was quantified, as previously reported (33) . Briefly, cells were treated with stimulant (PMA, AA, or oxLDL) in phenol red-free and FBS-free culture medium for 30 min at 37°C, followed by the addition of the HE probe (20 M final concentration). After a 20-min incubation with the HE probe, the cells were harvested and washed with PBS. The cells were then sonicated in 300 l methanol-water (1:1 vol/vol), and the lysates were centrifuged (16,100 g, 5 min). The supernatant was loaded into LC vials and analyzed by LC-MS/MS (33).
2-AG levels in macrophages following treatment with various stimulants. THP-1 macrophages (in 60-mm dishes) were pretreated with 1 M PO in serum-free medium for 30 min, to inhibit 2-AG degradation by hydrolytic enzymes, followed by treatments with either 150 M xanthine/0.1-mU/ml xanthine oxidase (10 min) or acLDL (20 g/ml, 24 h). When THP-1 macrophages were treated with AA (10 M, 60 min), the cells were not pretreated with PO. Following each treatment, the culture medium was harvested, fortified with 2-AG-d 8, and extracted with two volumes ethyl acetate containing 0.1% acetic acid. The organic layer was collected and dried under N2, and samples were reconstituted with 100 l methanol-water (1:1 vol/vol). Extracts were analyzed by LC-MS/MS to quantify 2-AG levels.
J774A.1 macrophages were treated with increasing concentrations of PMA (0, 0.32, 3.2, or 32 M, 10 min), AA (10 M, 60 min), or acLDL (20 g/ml, 24 h) in serum-free medium. Following each treatment, the culture medium was collected, fortified with 2-AG-d 8, and extracted with ethyl acetate to quantify 2-AG levels. Because 2-AG is not degraded as rapidly in J774A.1 cells compared with THP-1 cells (64), the J774 cells were not pretreated with a serine hydrolase inhibitor (i.e., PO) before adding stimulants. To determine whether Nox has a role in 2-AG biosynthesis, macrophages were pretreated with a Nox inhibitor (10 M apocynin, 30 min) before adding stimulants (PMA or AA).
Mouse RPMs were pretreated with VAS (10 M, 30 min) or vehicle (DMSO) at 37°C in serum-free DMEM medium, followed by addition of AA (100 M). After 60-min incubation at 37°C, the medium was removed, fortified with 2-AG-d 8 (336 pmol), and extracted using C18 SepPak columns. The cells were harvested in 1.1-ml PBS and a 0.1-ml aliquot removed for protein determination. The remaining 1 ml of cell suspension was extracted with ethyl acetate (2 ml) and methanol (1 ml) by vortex mixing (1 min), followed by centrifugation to separate the aqueous and organic layers. The organic extracts were evaporated to dryness, and the residues redissolved in 100-l methanol for 2-AG analysis using LC-MS/MS.
Role of cannabinoid receptors in MD-derived superoxide levels in macrophages. Macrophages (murine J774A.1 or human THP-1) were overlaid with FBS-free and phenol red-free culture medium containing either vehicle (DMSO), CB 1 receptor antagonist rimonabant 3)-AG] elute as one peak, and that its biosynthesis was blocked by a DAGL inhibitor (orlistat). Rearrangement of 2-AG to 1(3)-AG due to acyl migration is a well-characterized phenomenon (49) . 300 l of 1:1 methanol-water and sonicated, and the lysate centrifuged (16,100 g, 10 min, 4°C). The supernatant was collected for LC-MS/MS analysis of 2-OH-Et ϩ to quantify intracellular superoxide levels (33) . A 10-l aliquot of the supernatant was saved back to assay protein content using the BCA reagent. In a separate experiment, freshly isolated mouse RPMs were plated for 4 h at which point the nonadherent cells were removed. Attached RPMs were washed with PBS and pretreated with either WIN 55,212-2 (10 M) or vehicle (DMSO). After a 4-h incubation with agonist, RPMs were stimulated with PMA (3.2 M, 30 min) with the agonist still present in medium. After 30 min, medium was removed, and fresh medium containing HE (10 M) was placed on the cells and incubated for a further 20 min. RPMs were harvested and processed as described above.
LC-MS/MS Analysis
2-AG analysis was performed on a UPLC-MS/MS system (Waters Acquity UPLC interfaced with a Thermo Quantum Access Max triple quadrupole mass spectrometer) using the method described by Wang et al. (62) . Extracts were injected (10 l) onto an Acquity UPLC BEH C18 column (2.1 mm ϫ 100 mm, 1.7 m) equipped with a VanGuard precolumn (2.1 mm ϫ 5 mm, 1.7 m). For 2-AG and 2-AG-d 8, the mobile phases were either a blend of solvent A (2 mM ammonium acetate and 0.1% acetic acid in water)/solvent B (2 mM ammonium acetate and 0.1% acetic acid in methanol) or solvent A (0.1% acetic acid in water)/solvent B (0.1% acetic acid in methanol). The elution program was described previously (62) , and the flow rate was 0.4 ml/min (ammonium acetate in mobile phase) or 0.2 ml/min (no ammonium acetate in mobile phase). The column eluate was directed into the mass spectrometer using heated electrospray ionization in the positive ion mode. Single-reaction monitoring of analytes were as follows: (ammonium acetate in mobile phase LC-MS/MS conditions for analysis of 2-OH-Et ϩ , the superoxidespecific product, is described in Ref. 33 .
Statistical Analyses
Data are expressed as means Ϯ SD. Statistical significance between two groups was determined by the Student's t-test. Statistical significance between more than two groups of data were compared by either one-way or two-way ANOVA (Student-Newman-Keuls method). Values of P Յ 0.05 were considered to be significant. 
RESULTS
Treatment of Human Macrophage-like Cells with Either oxLDL or AA Enhances Superoxide Levels
It was previously reported that modified LDLs could stimulate Nox activity and elevate ROS levels in macrophages in a CD36-dependent (24, 43, 44) or TLR4-dependent (3) manner. Differentiated HL-60 macrophage-like cells express both CD36 (28) and Nox2 (also called gp91phox) (51) . We verified that PMA-primed human HL-60 macrophage-like cells, treated with oxLDL for 24 h, exhibited significantly higher superoxide levels than untreated controls (Fig. 1A) . It should be noted that the previous reports (3, 24, 43, 44) had measured ROS using nonspecific fluorescent probes, such as carboxy-2=,7=-dichlorodihydrofluorescein diacetate, that can react with multiple species of ROS. In contrast, we assessed the levels of superoxide (the reactive product generated by Nox) by measuring the content of 2-OH-Et ϩ , which is the superoxide-specific product formed by the reaction of superoxide with the oxyradical HE probe, using LC-MS/MS (33, 65) . This is the first time this approach, to our knowledge, has been used to assess superoxide levels in cells that had been stimulated with oxLDL.
Human leukemia cell lines, such as HL60 and THP-1, are differentiated into macrophage-like cells in the presence of PMA, resulting in the induction of Nox2 and p47phox gene expression (32, 37, 51) . We verified that Nox2 and p47phox mRNA was induced in THP-1 cells when treated with PMA (ϳ5-fold each, data not shown). Furthermore, oxLDL treatment of HL-60 macrophage-like cells for 24 h induced the transcription of DAGL␤, an enzyme that catalyzes 2-AG biosynthesis, nearly threefold compared with that in control cells (Fig. 1B) . On the other hand, p47phox and Nox2 mRNA were downregulated by oxLDL, which is consistent with repressed Nox2 expression previously reported in oxLDL-treated macrophages compared with untreated macrophages (19, 56) . Fur-thermore, Nox activity in PMA-primed human macrophage cell lines could be stimulated by exogenous AA, as assessed by 1) the increased rate of oxidation of the HE probe (Fig. 1C,  left) ; and 2) the increased level of p47phox phosphorylation (Fig. 1C, right) compared with that in vehicle controls. These data are consistent with the notion that oxLDL and lipid mediators, such as AA present in oxLDL or released during inflammation, can stimulate Nox activity and increase superoxide levels in macrophages (31, 54, 55) .
Human THP-1 and Murine J774 Cells Have the Biosynthetic Machinery to Produce 2-AG Macrophages exposed to oxLDL are also known to make the eCB 2-AG (21, 64); however, the mechanism behind this response has not been clarified. Phospholipase C (PLC)-␤ and DAGL-␤ are calcium-dependent enzymes that have important roles in signal transduction pathways and are also involved in the biosynthesis of 2-AG. PLC-␤ cleaves phosphatidylinositol 4,5-bisphosphate lipids releasing diacylglycerol, then DAGL-␤ specifically hydrolyzes the diacylglycerol 1-acyl-2-arachiondoylglycerol at the sn-1 position to provide 2-AG. To better understand the connection between oxLDL-derived ROS and 2-AG biosynthesis, we examined whether 2-AG biosynthesis is increased in human and murine macrophage models under various states of oxidative stress. Human THP-1 cells and murine J774A.1 cells were initially used because they are common macrophage models to study molecular and cellular mechanisms of atherosclerosis and inflammation. First, we verified that macrophage lysate (THP-1) could be activated by calcium ions to yield 2-AG ( Fig. 2) . Addition of PLC-␤ and DAGL-␤ inhibitors (U-73122 and orlistat, respectively) blocked the effect of calcium on 2-AG production. Furthermore, addition of the calcium chelator EGTA also prevented 2-AG synthesis. Second, incubation of SAG, a DAGL-␤ substrate, with macrophage lysate (J774A.1) resulted in a marked increase in 2-AG (ϳ14-fold; data not shown). Together, these data are consistent with literature indicating that elevated calcium levels are vital for the production of 2-AG (39, 58, 59, 61) . The data also demonstrate that THP-1 and J774 cells have the biochemical machinery to produce 2-AG.
Macrophage Cell Lines Challenged by Extracellular Superoxide Flux
Next, intact THP-1 macrophages were subjected to oxyradical stress by treatment with an extracellular superoxide generating system (xanthine oxidase; 10 min) ( Fig. 3) . Superoxide production by the xanthine oxidase system was verified by the detection of both the lucigenin-derived product (Fig. 3A ) and the HE-derived 2-OH-Et ϩ product (data not shown). A cellfree incubation of the xanthine oxidase system with cytochrome c for 3 min enabled the superoxide flux to be quantified (271 Ϯ 2 pmol/min or 1.36 Ϯ 0.01 M/min). The xanthine oxidase-derived superoxide flux was not overtly cytotoxic to THP-1 cells (Fig. 3B) . Moreover, intact THP-1 macrophages treated with the xanthine oxidase system produced increased amounts of 2-AG (2.3-fold) compared with those in untreated cells (Fig. 3C ). Increased levels of 2-AG were also observed when another cell line (COS7 cells) was treated with the xanthine oxidase system (data not shown). Thus extracellular superoxide flux can elicit increases in 2-AG biosynthesis within intact cells.
Activation of Macrophage Nox Is Associated with Increases in 2-AG Levels
We next showed that short-term (Ͻ120 min) treatment of either J774A.1 macrophages or THP-1 macrophages with PMA (a Nox stimulant that activates protein kinase C), in the presence of the oxyradical probe HE, caused a significant increase in the rate of HE oxidation relative to that in vehicletreated cells (Fig. 4A ). Furthermore, PMA caused a concentration-dependent increase in 2-AG levels in J774A.1 macrophages (Fig. 4B) . Importantly, the PMA-induced 2-AG production by macrophages was abrogated by the Nox inhibitor apocynin (Fig. 4C) . Similar findings were observed in PMAprimed HL-60 cells treated acutely with PMA (3.2 M; Fig. 4 , D-F). Taken together, these results suggest that the 2-AG biosynthesis rate in cells correlates with Nox activity and oxyradical stress. These data were obtained in three different macrophage cell lines, further strengthening the evidence of this observation. All three cell lines express Nox2 and DAGL-␤ and make 2-AG (www.humanproteinatlas.org) (2, 3, 32, 51) . The fact that similar findings were obtained in three different macrophage cell lines suggests that this phenomenon might be a generalized response to oxidative stress in cells. Because modified LDLs are known to stimulate Nox activity in a CD36-dependent manner (24, 38, 43, 44, 54, 55) , human and murine macrophage cell lines (THP-1 and J774A.1, respectively) were treated with acLDL, a ligand that strongly binds to the CD36 scavenger receptor (1, 10, 64) . acLDLtreated cells exhibited an increased level of 2-AG compared with that in untreated cells (Fig. 5A ). Furthermore, when both macrophage cell lines were stimulated with AA (Nox stimulant), significantly more 2-AG was produced compared with that in DMSO-treated cells (Fig. 5B ). This effect could be attenuated by a DAGL-␤ inhibitor. The levels of AA-stimulated 2-AG were greater in the murine cell line compared with that in the human cell line, which might reflect the relative differences in Nox2 expression in mouse macrophages compared with human macrophages or the greater lability of 2-AG in THP-1 cells relative to J774 cells (64) . Furthermore, preincubation of mouse RPMs with VAS (Nox inhibitor) resulted in the significant reduction of Nox-derived 2-AG levels in both cells and extracellular medium (Fig. 5, C and D) . This result indicated that these effects were recapitulated in primary mouse macrophages.
To determine whether Nox-derived ROS causes AA release and eicosanoid production, mouse RPMs were pretreated with VAS followed by stimulation with PMA. (Exogenous AA could not be used to stimulate Nox, because it would out compete the smaller endogenous pools of AA liberated from phospholipids and 2AG in terms of substrate binding to the COX enzyme.) As shown in Fig. 6 , PMA could stimulate the production of Nox2-derived ROS from resident RPMs (Fig.  6A) , while also inducing the biosynthesis of large quantities of the AA metabolites PGE 2 and thromboxane (Tx) B 2 (Fig. 6B ). Production of eicosanoids was dependent on Nox2, because pretreatment with VAS significantly attenuated their levels (Fig. 6B ). Eicosanoid production by mouse RPMs was also blocked by the antioxidant N-acetyl-cysteine (data not shown), further suggesting that their production was dependent on elevated levels of ROS. Furthermore, on the basis of experiments using inhibitors for cytosolic phospholipase A 2 (cPLA2) (ATK) and MAGL (JZL184), a significant pool of AA in phospholipids was liberated by Ca 2ϩ -dependent cPLA 2 and was subsequently oxygenated by COX. This is supported by the fact that pretreatment of cells with ATK significantly attenuated eicosanoid production (ϳ50% reduction), whereas JZL184 pretreatment did not affect eicosanoid levels (Fig. 6C ). It should be noted that MAGL is not the only 2AG hydrolase in murine macrophages; ␣/␤-hydrolase domain containing 6 (ABHD6) is also expressed in murine macrophages and can degrade 2AG (2). However, ABHD6 is not inhibited by JZL184 (29) . Therefore, release of AA by ABHD6-mediated 2AG hydrolysis, which is subsequently oxygenated by COX to give eicosanoids, cannot be ruled out completely.
In cells, superoxide rapidly dismutates to H 2 O 2 , an important second messenger in signal transduction pathways (14, 48) . The addition of H 2 O 2 to either intact living THP-1 macrophages or THP-1 cell lysates also increased the levels of 2-AG compared with vehicle controls (Fig. 7) . This suggested that superoxide/H 2 O 2 might stimulate DAGL-␤ activity. However, when COS7 cell lysate containing overexpressed human DAGL-␤ was pretreated with H 2 O 2 , the activity of the lysate toward the substrate SAG was unchanged (data not shown). This suggested that any effects of H 2 O 2 on DAGL-␤ are probably indirect and not the result of chemical modification of a cysteine residue important for regulating enzyme activity, as was recently reported for MAGL and H 2 O 2 (11) .
We also found that the levels of DAGL␤, p47phox, and Nox2 mRNA levels in THP-1 macrophages, which had been incubated with an inhibitor of 2-AG hydrolysis (JZL184, 1 M, 24 h), were not significantly different from those in control cells (data not shown). This implied that increasing the concentration of cellular 2-AG (by preventing its degradation) does not impact the expression of these genes in THP-1 macrophages.
MD-Derived and Nox-Derived Superoxide Levels Are Attenuated by the Cannabinoid Receptor Agonist WIN 55,212-2
Addition of the redox cycling agent MD (40 M) to either J774A.1 or THP-1 macrophages resulted in a significant increase in superoxide levels compared with those in vehicle-treated cells, as measured by the superoxide surrogate 2-OH-Et ϩ (Fig. 8, A and B) . A nonselective cannabinoid receptor agonist, WIN 55,212-2, attenuated the levels of MDderived superoxide in J774 macrophages (Fig. 8B, left) . Similar effects of WIN 55,212-2 on superoxide levels were also ob- served in THP-1 macrophages (Fig. 8B, right) . It should be noted that WIN 55,212-2 on its own did not stimulate superoxide production in cells (Fig. 8C ). In addition, the CB 1 and CB 2 receptor antagonists (rimonabant and AM630, respectively) both abrogated the anti-oxidative effect of WIN 55,212-2 in J774A.1 macrophages treated with MD ( Fig. 8C ). Furthermore, pretreatment of mouse RPMs with WIN 55,212-2 also attenuated PMA-stimulated Nox-derived superoxide levels ( Fig. 8D) . Collectively, these results, obtained in different cell types, including primary cells, indicated that activation of CB receptors with an agonist could reduce superoxide levels, whereas the agonist alone did not affect superoxide levels relative to that of controls.
DAGL-␤-Dependent 2-AG Biosynthesis Following Nox Activation by AA
To mechanistically establish the relationship between Noxderived ROS and DAGL-␤-dependent 2-AG biosynthesis, experiments were performed using cells that ectopically express DAGL-␤ and Nox2 components. Stable overexpression of human DAGL-␤ expression in COS7 cells was verified by measuring the DAGL-␤ mRNA level, DAGL-␤ protein level, and SAG hydrolysis activity (Fig. 9A) ; each parameter was significantly elevated in the DAGL-␤-transfected cells com-pared with mock-transfected cells. Furthermore, COS7 cells overexpressing DAGL-␤ could produce more 2-AG than control COS7 cells when each cell type was stimulated with ionomycin, further indicating that DAGL-␤ was overexpressed and functional ( Fig. 9B ). Pretreatment of cells with a DAGL inhibitor, orlistat, abrogated the response to ionomycin. Importantly, stimulation of DAGL-␤-overexpressing cells with exogenous AA (Nox stimulant) resulted in a marked increase in 2-AG levels compared with control (untreated DAGL-␤-overexpressing cells) (Fig. 9C ). This effect was significantly attenuated with either a Nox inhibitor or a DAGL inhibitor (Fig.  9C) . These data were consistent with the Nox-dependent induction of 2-AG levels obtained with human and mouse macrophage cells treated with AA ( Fig. 5, B and D) .
Next, when Phox-COS7 cells that overexpress Nox subunits (45) were stimulated with AA, they produced greater amounts of ROS than vehicle-treated Phox-COS7 cells, as measured using the oxyradical probe HE (Fig. 10A ). Importantly, AA-treated Phox-COS7 cells produced substantially more 2-AG than either the vehicle-treated Phox-COS7 cells or AA-treated COS7 did (Fig. 10B ). In addition, the basal amounts of 2-AG in vehicle-treated Phox-COS7 cells were higher than those in vehicle-treated parental COS7 cells (Fig. 10B ). Together these data lend direct support to the hypothesis that increased Nox activity can activate 2-AG biosynthesis in cells.
DISCUSSION
Macrophages have important roles in lipid metabolism and inflammation. In this study, we extended our laboratory's previous work on Nox in monocytes/macrophages (33) to examine whether stimulation of this enzyme complex modulates the eCB system by activating the 2-AG biosynthetic enzyme DAGL-␤. Nox is the only oxidoreductase that produces superoxide as its primary end product (6); however, whether Nox-derived ROS interfaces with bioactive eCB has not been studied. Thus we asked whether Nox-mediated oxidative stress can stimulate downstream 2-AG biosynthesis to reestablish homeostasis. In this study, the levels of 2-AG in macrophage cell lines (THP-1, HL-60, and murine J774A.1) and primary mouse macrophages were significantly elevated following exposures to either extracellular oxyradicals (via the xanthine oxidase system) or intracellular oxyradicals derived from Nox following its activation by the stimulants PMA and AA. The results suggest that enhanced biosynthesis of 2-AG is causally related to oxyradical stress in macrophages. In support of this, the effects of the cellular stressors on 2-AG biosynthetic activity were blunted by the addition of Nox and DAGL inhibitors. Furthermore, engineered COS7 cells that overexpress either DAGL-␤ or Nox subunits were shown to synthesize higher levels of 2-AG compared with the parental COS7 cells when treated with the Nox stimulant AA. All of these lines of evidence support a model in which activated Nox can signal (directly or indirectly via superoxide-derived ROS) to DAGL-␤ to increase the biosynthesis of 2-AG. 
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Fold increase Fig. 9 . COS7 cells stably overexpressing human DAGL-␤ produced more 2-AG than control COS7 cells, and inhibition of Nox activity attenuated 2-AG levels. A: stable overexpression of human DAGL-␤ in COS7 cells was verified by measuring its mRNA content (left), protein content (middle), and SAG hydrolysis activity (right). B: 2-AG levels were determined in DAGL-␤-COS7 cells and control COS7 cells following stimulation with a calcium ionophore (ionomycin, 3 M, 30 min) in the presence and absence of the DAGL inhibitor orlistat. C: 2-AG levels were determined in DAGL-␤-COS7 cells following stimulation with arachidonic acid in the presence and absence of a Nox inhibitor (VAS) or DAGL inhibitor (orlistat). Values are means Ϯ SD (n ϭ 2-7). *P Ͻ 0.05, Student's t-test when two groups are compared, and one-way ANOVA (Student-Newman-Keuls method) when more than two groups are compared. Current therapies for CVD mainly target well-established risk factors, such as high blood pressure and elevated cholesterol levels. However, the eCB system and oxidoreductases that generate ROS are emerging as attractive targets for reducing inflammation and oxidative stress in the cardiovascular wall. Our data suggest that increased rates of superoxide production, induced by either PMA, AA, or xanthine oxidase system, correlated with increased rates of 2-AG biosynthesis. From a mechanistic perspective, PMA is a potent activator of protein kinase C and the small G protein Rac. Once activated, these proteins work in concert to assemble the Nox complex and stimulate the biosynthesis of Nox-derived superoxide (52, 53) , which, in turn, cause the release of AA and increased eicosanoid production (20, 22) . As part of a positive feedback loop, the transient increase in intracellular AA concentration can further stimulate Nox activity. AA stimulates Nox activity in part by promoting the concerted assembly of regulatory cytosolic Nox subunits with membrane-bound Nox2 (gp91phox)/p22phox subunits via AA-mediated conformational changes (57) . Xanthine oxidase, on the other hand, is an oxidoreductase that generates superoxide anion via the sequential oxidation of hypoxanthine to xanthine and xanthine to uric acid (5) . All of these stimuli were found to induce 2-AG biosynthesis in cells. These findings were further confirmed in cells that overexpress Nox subunits (Phox-COS7 cells), which exhibited higher levels of 2-AG than the parental control COS7 cells (Fig. 10) . One commonality between DAGL-␤ and cPLA 2 is that their activities depend on calcium ions (26, 47) , which can be released from intracellular stores by superoxide anions generated by oxidases via ROS activation of MAPKs (e.g., JNK, p38, and ERK1/2) (22) . Because H 2 O 2 had not directly affected DAGL-␤ activity in COS7 cell lysates that overexpress this lipase, it is unlikely that oxidative modification of a cysteine residue in DAGL-␤ is responsible for its increased activity during oxidative stress. Thus, mechanistically, it is likely that DAGL-␤ and cPLA 2 are activated simultaneously by Ca 2ϩ , which is released from intracellular stores by Nox-derived ROS (Fig. 11) . The increased amounts of 2-AG, PGE 2 , and TxB 2 released upon cell stimulation, which is dependent on functional Nox activity, is consistent with this ( Figs. 5 and 6 ).
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The increased rates of 2-AG biosynthesis caused by elevated superoxide levels might be a compensatory mechanism evoked by oxidative stress. For example, eCB have well-known homeostatic regulatory functions that help to dampen the effects of noxious stimuli (41) . Consistent with this idea, we demonstrated that the (nonselective) cannabinoid receptor agonist WIN 55,212-2 attenuated the levels of superoxide induced by either a redox cycling chemical (MD) or a Nox stimulant (PMA) in macrophages. Furthermore, either selective CB 1 or selective CB 2 receptor antagonists could abrogate the antioxidative effect of WIN 55,212-2 (Fig. 8C) . These data indicate that the eCB system, including the CB 1 and CB 2 receptors and their ligands, might be an important therapeutic target to modulate oxidative stress. The specific signaling pathways evoked by CB 1 and CB 2 receptor activation are undefined in Fig. 11 . Model describing how physiological and nonphysiological stimulants can activate signaling pathways to enhance 2-AG and prostaglandins (PG) biosynthesis via NADPH oxidase (Nox)-derived ROS. Several physiological mediators [e.g., oxLDL, arachidonic acid (AA)] and nonphysiological chemicals [e.g., phorbol 12-myristate 13-acetate (PMA)] can stimulate Nox2. Elevated ROS levels in cells (either via Nox2 activation or exogenous oxidants) cause a transient increase in intracellular calcium concentration ([Ca 2ϩ ]i) that activates diacylglycerol lipase (DAGL)-␤ and cytosolic phospholipase A2 (cPLA2), thereby increasing the synthesis of 2-AG and oxygenated AA metabolites (PGs), respectively. 2-AG can be released extracellularly where it acts in a paracrine and autocrine manner to possibly counteract inflammation and oxidative stress via cannabinoid (CB) receptor-evoked signaling in immune cells (15) . 2-AG can also be degraded by neighboring cells or by cells that produce it. Double arrow between ROS and [Ca 2ϩ ]i indicates that oxidants can release intracellular Ca 2ϩ stores by several mechanisms, including the inactivation of MAPK phosphatases, which maintains MAPKs in their active state (22) . Dotted arrow indicates that cPLA2-derived AA can stimulate Nox2 (33) . H2O2, hydrogen peroxide; MAGL, monoacylglycerol lipase; O 2
Ϫ , superoxide. our study; however, CB 1 -and CB 2 -dependent signaling is known to modulate p38 and ERK1/2 stress kinase activity (15) , which might account in part for the WIN 55,212-2-dependent decrease in superoxide levels seen here. More work is needed to characterize the complex integration of signals emanating from the two cannabinoid receptors and how they balance each other to regulate the intracellular redox state. Our results are also consistent with previous in vivo and in vitro findings. For example, Batkai et al. (4) demonstrated that ischemia-reperfusion injury in mouse liver induced the production of inflammatory mediators that increase oxidative stress; the levels of these inflammatory molecules positively correlated with hepatic eCB levels. Furthermore, increased production of eCB in isolated mouse hepatocytes was observed when peroxynitrite or H 2 O 2 was added directly to the cells (4). Our results also showed that increased levels of 2-AG could be produced in macrophages exposed to acLDL (Fig. 5A ). Unregulated uptake of modified LDLs by macrophages leads to foam cell formation; however, CB 1 receptor blockade or CB 2 receptor activation was previously shown to reduce foam cell formation (60) and atherosclerosis development (8) . In addition, when high-fat diet-fed ApoE Ϫ/Ϫ mice were treated with WIN 55,212-2, the number of macrophages found in plaques were decreased compared with those in plaques from control ApoE Ϫ/Ϫ mice, as was the expression of TNF-␣, IL-6, and monocyte chemotactic protein-1 (63) . The beneficial effects of WIN 55,212-2 were blocked with a CB 2 antagonist. It is known that modified LDL can activate Nox activity and increase ROS in macrophages in a CD36-dependent manner (44) . Thus a compensatory response of cells to Nox activation under these conditions might involve an increase in 2-AG levels to help dampen oxidative stress and inflammatory cytokine production via CB 2 signaling by autocrine/paracrine feedback loops.
The relationship between oxidative stress and eCB is complex and still poorly understood. Nevertheless, Rajesh et al. (46) demonstrated that Nox-derived superoxide levels in cultured human coronary artery endothelial cells were attenuated by a synthetic CB 2 -selective agonist. This effect is consistent with the known beneficial properties of CB 2 agonists in several contexts. In support of this, treatment of endothelial cells and smooth muscle cells with a synthetic CB 2 agonist attenuated TNF-␣ production and evoked other anti-inflammatory responses (46) . On the other hand, CB 1 receptor activation induced the production of proinflammatory mediators and substantial oxidative stress (42) . Because eCB ligands bind to CB 1 and CB 2 receptors with roughly equal affinity, an increased eCB concentration in the vessel wall might elicit both pro-and anti-inflammatory and oxidative effects, depending on the relative strength of the signal transduction pathways evoked by CB 1 and CB 2 receptor signaling. Although there is conflicting literature concerning the role of eCB in the pathogenesis of atherogenesis (30) , it is generally accepted that an imbalance in the eCB system and the overproduction of Noxderived superoxide and H 2 O 2 will disrupt redox circuits and induce inflammatory mediators (12, 40, 42) .
In conclusion, this study provides important insight into how Nox-derived ROS in cells may interface with the activation of the rate-limiting enzyme of 2-AG biosynthesis, DAGL-␤. We demonstrated that heightened oxyradical flux caused by extracellular (paracrine)-superoxide and intracellular (Nox)-derived superoxide can lead to increased biosynthesis of 2-AG, thereby enhancing the macrophage "endocannabinoid tone." The reason for the rapid increase in local eCB concentrations during injury is still a matter of debate (41) . However, it is suggested that it is part of a compensatory mechanism to counteract inflammation and oxidative stress ( Fig. 11 ), perhaps by a CB 2 -receptor-dependent signaling mechanism and downstream signaling cascades in inflammatory cells (15, 41) .
